The contribution of phytate to the gelation properties of soymilk was studied by a phytase treatment to reduce the phytate in soymilk. The breaking stress of the gel prepared from the phytase-treated soymilk was higher than that from the untreated soymilk when glucon0-6-lactone (GDL) was used as a coagulant. As the phytate content of the soy protein isolate was decreased, so the breaking stress of the GDL-gel was increased as in the case of soymilk. This result indicates that the phytate in soy protein affects its coagulative reaction and hardness of the GDL-gel. An increase in viscosity and change in the zeta potential of soymilk resulted from the decomposition of phytate.
Introduction
Soymilk and tofu are popular soybean foods in many Asian and some Western countries. The quality of tofu, a product manufactured by curdling soymilk with glucono-6-1actone (GDL) or calcium chloride as a coagulant, depends largely on its physical properties. The protein in soymilk plays an important role in the physical properties of tofu. Soybeans contain about 35% protein which is comprised of glycinin and p-conglycinin. It is known that the hardness of tofu curd is influenced by the ratio of glycinin to P-conglycinin (Saio et al., 1969) .
Phytate, the hexaphosphate form of myo-inositol, is commonly contained in soymilk at the level of about 2 g per 100 g of protein and in soy protein isolate at 1-2 g per 100 g of protein (Anno et al., 1985; Anderson et al., 1995; Brooks & Morr 1982) . Phytate may form a soy proteinphytate complex with soy protein, and thus inhibit the protein digestibility (Ritter et al., 1987) and may interfere with the essential mineral bioavailability (Cheryan 1980; Prattley et al., 1982) . In addition, phytate may affect the solubility and related functions of soy protein in a commercial food application (Okubo et al., 1976; Chen & Morr 1985; Lapvetelainen et al., 1991) . It would therefore seem worthwhile to obtain reduced-phytate proteins for making high-quality foods.
In the course of our study on reduced-phytate soybean protein (Saito et al., 2001) , we observed the formation of a gel when heating soymilk in which the phytate had been hydrolyzed by phytase. Similar gel formation upon treating soybean protein with ion-exchange resin has been reported (Kondo et al., 1988) . However, there is little information on the gel-forming properties of reduced-phytate soy protein resulting from a phytase treatment. We report in this paper the influence of a phytase treatment on the gelforming properties of soymilk.
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Materials and Methods
Materials Commercially available soybean (Glycine max var. Enrei) was used in this study. Phytase (Phytase Novo-L, 5000 FYT/g) was obtained from Novozymes Japan. Ltd. (Chiba. Japan). All of the chemicals were of the highest purity available and were used without further purification.
Preparation of the soymilk Soybeans (100 g) were soaked in deionized water for 1 6 h at 4*C. The soaked beans were drained and ground into a homogenate with 600 ml of deionized water by an SM-58 blender (Sanyo Electric Co.,Tokyo, Japan), this homogenate then being squeezed through a double layer of nylon gauze. The resulting soymilk was centrifuged at 800 x g for 10 min to remove the precipitate, before being heated at 95'C for 5 min and then quickly cooled to 40~C. The soymilk contained 1 1 .5~;~o solids with 5.4% protein.
Phytase treatment of the soymilk The soymilk was adjusted to pH 6.4 with 2 N HCl. Phytase was added to this soymilk (250 or 1000 FYT/100 g of protein in the soymilk), and the resulting mixture was incubated for 30 min at 40'C. One enzyme unit (FYT) is defined as the amount of enzyme that released I umol of inorganic orthophosphate per min under the following conditions: pH 5.5, 37'C, and 5 mM sodium phytate according to the manufacturer' s instructions .
Phytase treatment ofsoy protein isolate Soy protein isolate (SPI) was prepared as described in the previous paper (Tsumura et al., 1999) . The protein and ash contents (dry base) in SPI were 92.0% and 3.5%, respectively. SPI was dissolved with distilled water (5.4 g protein in 100 ml), before being heated at 95~C for 5 min and then quickly cooled to 40"C. SPI solution was adjusted to pH 6.4 with 2 N HC1. Phytase was added to the solution (250-2000 FYT/100 g of protein in the SPI solution), and the resulting mixture was incubated for 30 min at 40~C.
Preparation of GDL-gel and measurement of the breaking stress and pH value of the gel The phytase-treated Gelation of Phytase-Treated Soymilk soymilk or SPI solution was immediately mixed with a GDL solution, freshly prepared in ice-cold water. The final concentration of protein was adjusted to 5 .O% w/v, and the final concentration of GDL was adjusted in the range of O.05-0.15% w/v. Then, 750 u1 aliquots of the resulting protein solutions were placed in the wells of a 24-well tissue culture plate (16 mm I.D. x 18 mm height, Becton Dickinson Co., USA). The wells were tightly sealed with heat-resistant film, and the plate was placed in a water bath at 90~C for 30 min, cooled, and then kept at room temperature for I h before measurement. Compression testing of the gel samples was carried out with a Texo Graph compression tester (Japan Food R&D Institute, Kyoto, Japan) with a cylindrical plunger 5.6 mm in diameter. The compression rate was O. I mm/s, and the peak force was recorded as breaking stress of the gel. Data reported represent mean i standard deviation values calculated from three gel parts obtained from two separate gel preparations. The pH value of a gel sample was measured by preparing a homogenate from I ml of deionized water poured into each well and suspended with a Polytron PT 10/35 homogenizer (Kinematica, Switzerland) . The pH value of the resulting homogenate was measured at room temperature by a pH meter (Horiba Co., Kyoto).
Determination ofphytate Phytate was determined
according to the method of Tezuka et al. (2000) . Briefly, two milliliters of soymilk or soy protein solution was mixed with 2.0 ml of 6~;~o trichloroacetic acid. The mixture was incubated for 20 min at 20'C and then centrifuged at 1 ,800 x g for 15 min. Two milliliters of the resulting supernatant was mixed with 6.0 ml of an iron chloride solution (2.0 g of FeC131H20 + 16.3 ml of concentrated HCI in I l of H20). The mixture was incubated for 30 min at 97*C, cooled to room temperature, and then centrifuged at 1800 x g for 15 min. The precipitate was dispersed in 2.0 ml of a washing solution (0.6% HCI + 2.5% Na2S04) and then centrifuged at 3,000 x g for 15 min. The resulting precipitate was further dispersed in 2.0 ml of 0.3 N NaOH and centrifuged at 1800 x g for 15 min, then was dissolved in 3.0 ml of 0.3 N HCl, and the volume was adjusted to 10.0 ml with deionized water. The iron content was colorimetrically measured at 510 nm based upon o-phenanthroline. It was assigned one phytate molecule linked with four iron molecules, and the weight of phytate could be 443 numerically calculated as 2.98 times the weight of iron.
Analysis The protein content was determined by the Kjeldahl method, employing a nitrogen-to-protein conversion factor of 6.25. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the method of Laemmli ( 1980) , using 10-20% gradient acrylamide gel (Daiichi Pure Chemicals Co., Tokyo). The gel for electrophoresis was stained by Coomassie brilliant blue R-250. The apparent viscosity of the soymilk was measured at 40"C by a CJV-5000 vibroviscometer (A&D Co. Ltd., Tokyo).
Estimation of the zeta potential of the soymilk A soymilk sample was diluted with a 10 mM phosphate buffer (pH 6.0-7.0) and measured at 20*C by an ELS-800 light-scattering system (Otsuka Electronics Co., Osaka). The computer program supplied with this system was used to calculate the zeta potential of the soymilk.
Scanning electron microscopy A gel sample was cut into 2 mm cubes that were prefixed overnight in a 0.1 M phosphate buffer (pH 6.5) containing 2.5(~o glutaraldehyde. The cubes were then postfixed for 2 h with 1~;~o Os04 in a O. I M phosphate buffer (pH 6.5), dehydrated with 50% to 100% ethanol and then with isoamyl acetate, and dried with an HPC-2 critical point drier (Hitachi Co., Tokyo).
Each sample was coated with Os04 m an E-102 osmium plasma coater (Hitachi Co.). Observations were made by an S-3500N scanning electron microscope (Hitachi Co.) at an accelerating voltage of 5 kV.
Results and Discussion
Gel formation of soymilk induced by the phytase treatment When heated soymilk was incubated with phytase at pH 6.4 and then heated at 90~C, gel formation occurred.
A firm, self-supporting gel could be obtained from the soymilk without using a coagulant (Fig. 1) . Based on this finding, we investigated the effect of the phytase treatment on the gel-forming ability of soymilk in the presence of GDL. Figure 2 shows the effect of various amounts of phytase on the breaking stress of the GDL-gel and the phytate content in the resulting soymilk. GDL was added to soymilk at a final concentration of 0.1%, and the pH value of the gel was about 6.2. As the amount of phytate decreased from 2.05 g to 0.01 g per 100 g of protein in the soymilk, the breaking stress of the GDL-gel increased from zero gflcm2 to 1 80 gf/cm2. The relationships between the breaking stress and pH value for the GDL-gel are shown in Figure 3 . As the amount of phytase used was increased, an increase in breaking stress was observed at identical pH value. These results indicate that phytate in the soymilk played a significant role in the gel-forming ability of soymilk in the presence of GDL. Saio (1979) previously reported that the hardness of tofu gel decreased with increasing amount of added phytate in a calcium-coagulated gel system. One explanation is that phytate reacted with both calcium and protein and produced a colloidal precipitate that could hold more moisture in the gel. The present results are consistent with the previous information, although there is a difference between calcium and GDL as the coagulant used.
Effect of the phytase treatment on the characteristics of soymilk Several experiments were done to obtain K. TSUMURA et al. further information on the effect of the phytase treatment on the characteristics of soymilk. An increase in the apparent viscosity of soymilk could be clearly observed during the phytase reaction (Fig. 4) . This result indicates that the increase in apparent viscosity may depend upon the decomposition of phytate. In general, the viscosity of a protein solution is attributable to increased interaction between the protein molecules (Damodaran, 1997) .
Therefore, such activity of protein molecules as hydrophobic interaction, hydrogen bond interaction and chargecharge interaction may occur due to the decomposition of phytate. Phytate may influence the net charge of the protein molecules. The zeta potential as a function of the pH value of soymilk is shown in Fig. 5 . A slightly larger negative value is apparent for the zeta potential of the phytase-treated soymilk than the control soymilk. It has been reported that the solubility (Hayakawa & Nakai, 1985) and aggregate size of soy protein (Chan et al., 1982) Getation of Phytase-Treated soymuk with the zeta potential. It seems likely that the net charge of the phytase-treated soymilk was slightly changed from its original state due to decomposition of phytate by phytase.
There have been several reports on the enzyme-induced coagulation of soy protein (Fuke et al., 1985; Inouye et al., 2002) . Murata et al. (1987) made a series of studies on the feasibility of using proteolytic enzymes to make tofu. As shown in Fig. 6 , no proteolysis during the phytase treatment was apparent from the results of the SDS-PAGE analysis. Hence, we exclude any effect from proteolysis on the gelation of soymilk. Effect of the phytase treatment on the soy protein isolate Soymilk contains not only proteinsbut other components which affect gel formation such as fats (Yamano, 1990) , saccharides (Saio, 1985) and phytate. We then examined the effect of the phytase treatment on the gel forming ability of the soy protein isolate (SPI). Figure 7 shows the effect of various amounts of phytase on the breaking stress of the GDL-gel and on the phytate content in the resulting SPI. GDL was added to SPI solution at a final concentration of 0.1%, and the pH value of the gel was about 6.2. As the phytate content decreased from 2. 10 g to 0.10 g per 100 g of protein in SPI, an increase in the breaking stress of the gels was observed as in the case of soy milk. Phytase was thus able to effectively degrade phytate in SPI and influence the gel-forming ability.
Gel structure Microstructural observation can provide valuable information for understanding the gel formation induced by a phytase treatment. We therefore observed the gel structure by scanning electron microscopy. The gel prepared with the control soymilk containing 0.35% GDL exhibited a fine and uniform network structure (Fig. 8B) , consistent with the observation in the previous report (deMan et al., 1986) . The network structure of the gel prepared with the phytase-treated soymilk containing O. I % GDL was almost the same as that of the control soymilk gel (Fig. 8A) , although the phytase-treated soymilk needed less GDL to form a gel. These results indicate that the phytase treatment can help a protein to coagulate and form a firm network structure with less coagulant than that required without the phytase treatment (i. e. at a higher pH value). Gelation mechanism Heat treatment of soymilk before adding phytase was essential in the present study for denaturing the proteins so that they could coagulate into a gel after heating. When raw soymilk was incubated with phytase, protein (mainly the glycinin fraction) was precipitated as previously reported (Saito et al., 2001) and no gelation occurred after further heating. Kohyama et al. (1995) proposed that the gelation of tofu was a two-step process: protein denaturation by heating and then hydrophobic coagulation promoted by protons from GDL or calcium ions. Since heat-denatured soy protein is hydrophobic and negatively charged, the protons induced by GDL or calcium ions neutralize the net charge of the negatively charged protein molecules. As a result, hydrophobic interaction of the neutralized protein molecules may become more predominant and lead to the gel formation.
um
The phytase treatment enabled the heated soy protein to form a gel with less coagulant than without treatment (i.e. at a higher pH value). This suggests that the soy proteinphytate complex may have changed such surface properties as the net charge and hydration of soy protein and have affected its gel-forming ability. Therefore, it seems likely that the gel-forming ability of soy protein recovered to its original state due to the decomposition of phytate so that the soy protein could coagulate and form a gel at a higher pH value.
Phytase leads to the hydrolysis of phytate, and consequently to a breakdown of the phytate-calcium complexes; hence, free calcium ions may become available for coagulation. It is well known that calcium ions contribute to the formation of bridges between protein molecules, thus generating a stronger gel network (Boye et al., 1997) . The effect on the gel-forming ability of calcium ions released from the phytate-calcium complex under the influence of phytase should be examined in further studies.
In conclusion, a phytase treatment can be used to change the gel-forming ability of soy protein that can be applied to prepare new food products such as phytate-reduced tofu with high nutritional quality.
